provides several orders of magnitude higher sensitivity than inherently weak spontaneous Raman scattering by exciting localized surface plasmon resonance (LSPR) on metal substrates 1-4 . However, SERS is not very reliable, especially for use in life sciences, since it sacrifices reproducibility and biocompatibility due to its strong dependence on "hot spots" 5-7 and large photothermal heat generation 8,9 . Here we report a metal-free (i.e., LSPR-free), topologically tailored nanostructure composed of porous carbon nanowires in an array as a SERS substrate that addresses the decades-old problem. Specifically, it offers not only high signal enhancement due to its strong broadband charge-transfer resonance, but also extraordinarily high reproducibility or substrate-to-substrate, spot-to-spot, sample-to-sample, and time-to-time consistency in SERS spectrum due to the absence of hot spots and high compatibility to biomolecules due to its fluorescence quenching and negligible denaturation capabilities. These excellent properties make SERS suitable for practical use in diverse biomedical applications.
resonance [16] [17] [18] or charge transfer resonance 22, 23 and has been demonstrated with decent enhancement factors of up to five orders of magnitude [16] [17] [18] 22, 23 . However, the poor reproducibility remains a major challenge while these substrates partly address the biocompatibility issue. This is due to their inherent photocatalytic activity and the toxicity of their substrate material to biomolecules [25] [26] [27] .
In this Letter, we take a radically different approach from the metal, semiconducting, and dielectric substrates and demonstrate that a metal-free (i.e., LSPR-free), topologically tailored nanostructure composed of a two-dimensional array of porous carbon nanowires is an effective material as a substrate for highly sensitive, biocompatible, and reproducible SERS ( Supplementary Table 1 ). Specifically, the porous carbon nanowire array (PCNA) substrate provides not only high signal enhancement (~10 6 ) due to its strong broadband charge-transfer resonance for large chemical enhancement (as opposed to electromagnetic enhancement in traditional SERS), but also extraordinarily high reproducibility or substrate-to-substrate, spot-to-spot, sample-to-sample, and timeto-time consistency in SERS spectrum (which is not possible with traditional SERS) due to the absence of hot spots and high compatibility to biomolecules due to its fluorescence quenching and negligible denaturation capabilities. We experimentally demonstrate these excellent properties with various molecules such as rhodamine 6G (R6G), β-lactoglobulin, and glucose. To the best of our knowledge, our PCNA substrates offers the highest reproducibility and biocompatibility to date, holding great promise for reliable SERS in practical use, especially in areas of analytical chemistry, pharmaceutical science, food science, forensic science, and pathology where inconsistent or non-reproducible SERS spectra have been problematic.
The synthesis and material properties of the PCNA are described as follows and shown in Fig. 1a through Fig. 1d . First, a polypyrrole (PPy) nanowire array (PNA) is prepared through a conventional template-assisted electropolymerization method 28 with an anodized aluminum oxide (AAO) template ( Supplementary Fig. 1 ).
Second, a working electrode is interchanged with a counter electrode. Then, the PNA undergoes an electrical degradation process in a high-temperature dimethyl sulfoxide (DMSO) solution containing sulfur clusters under an oppositely applied voltage to form a large number of nanopores in each PPy nanowire, which transforms into a porous polypyrrole nanowire array (PPNA) and effectively increases the specific surface area (SSA) and roughness. Finally, a carbonization process at an elevated temperature is applied to the PPNA to generate a SERS-active PCNA ( Supplementary Figs. 2 and 3 ). Each porous nanowire of the PCNA has an average diameter of 140 nm and an average length of 15 µm after the carbonization (Fig. 1a ), which is in agreement with those of the AAO template. An enlarged scanning electron microscope (SEM) image of the PCNA reveals that numerous holes with an average diameter of about 50 nm are distributed on the PCNA, resulting in fractal nanostructures with a high SSA ( Supplementary Figs. 4 and 5 ). In addition, as shown in Fig. 1b , results from our Raman spectroscopy of the PPNA and PCNA indicate that all the characteristic Raman peaks of the PPNA at 870, 930, 1050, and 1246 cm −1 disappeared from the PCNA after the carbonization, as expected. As shown in Fig. 1c , results from our current-voltage (I-V) curve measurements of the PPNA and PCNA indicate that the porous carbon nanomaterial performs as a semiconductor since the carbonization treatment significantly increases its conductivity (Supplementary Figs. 6 and 7). Moreover, results from our energy dispersive X-ray spectroscopy (EDS) of the PPNA and PCNA indicate that the composition ratio of carbon significantly increased after the carbonization process as shown in Fig. 1d .
To demonstrate the high adsorptivity and reproducibility of the PCNA as a SERS substrate, we performed SERS of R6G (a highly fluorescent rhodamine family dye) on the PCNA substrate. For comparison, we obtained Raman spectra of R6G molecules adsorbed on silicon, PNA, carbon nanowire array (CNA), and PCNA substrates under the same conditions (a 10-µM deionized water solution of R6G molecules, an integration time of 30 s, continuous-wave laser illumination with 1 mW at 785 nm), as shown in Fig. 2a (Supplementary Fig. 8 and Supplementary Table 2 ). In comparison to the other substrates, the PCNA exhibits the highest Raman signal intensity, indicating its high adsorptivity (i.e., large surface-to-volume ratio), which originates from its porous nanowire morphology and carbon-based material. Moreover, to evaluate the sensitivity of the PCNA substrate, we obtained SERS spectra of R6G molecules at reduced concentrations on the PCNA substrate ( Fig. 2b ). It is evident from the figure that the detection limit of the PCNA substrate for R6G molecules is about 10 nM, which is challenging with conventional metal substrates due to the strong fluorescence of R6G molecules that obscure their weak Raman signal. It is important to note that the use of carbon quenched the fluorescent property of R6G molecules, indicating the ability of the PCNA substrate to analyze biomolecules which are mostly fluorescent.
Similar SERS measurements were performed on DMSO to verify the high sensitivity of the PCNA substrate ( Supplementary Fig. 9 ). As shown in Fig. 2c , the PCNA substrate shows a monotonically increasing relation between the R6G concentration and signal intensity at 1185, 1309, 1361, 1507, and 1650 cm -1 . Furthermore, in order to assess the substrate-to-substrate consistency of the PCNA substrate, we carried out a measurement reproducibility test on 20 different PCNA substrates. As shown in Fig. 2d , the differences in the relative intensities of the Raman peaks at 1185, 1309, 1361, 1507, and 1650 cm -1 between all of the substrates are with a standard deviation of 5.7%, indicating the high reliability of the PCNA substrate.
Next, to demonstrate the highly sensitive detection of biomolecules, we conducted SERS of β-lactoglobulin (the major whey protein of cow and sheep's milk) on the PCNA substrate. With an integration time of 300 s and an excitation illumination of 2 mW at 785 nm, we measured a spontaneous Raman spectrum of a β-lactoglobulin powder with a mass fraction (Mf) of 100% on a bare silicon substrate as ground truth ( Fig. 3a , Supplementary   Fig. 8 , and Supplementary Table 2 ). Then, by decreasing the integration time to 1 s and the Mf to 0.4%, we obtained the Raman spectrum of β-lactoglobulin molecules with a similar Raman signal intensity on the PCNA substrate. As the ratio of the number of molecules of a β-lactoglobulin solution to that of the β-lactoglobulin powder in the probed volume is approximately equal to their Mf ratio ( Supplementary Table 3 ), we used the Mf ratio to calculate the SERS enhancement, based on which the enhancement factor was found to be (300 s / 1 s) × (100% / 0.4%) × (60000 / 2000) = ~10 6 for β-lactoglobulin. It is important to note that the characteristic Raman peaks of β-lactoglobulin molecules on the PCNA substrate are well distinguishable and consistent with those of the ground truth, indicating the high biocompatibility of the PCNA substrate. For comparison, we also acquired the Raman spectra of β-lactoglobulin molecules on a silicon substrate and a commercial metal SERS substrate (sliver-gold hybrid substrate, SERSitive Co.) under the same conditions, as shown in Fig. 3a . On the silicon substrate, no characteristic Raman peaks were visible due to the absence of the SERS enhancement whereas on the metal substrate, the Raman spectrum was enhanced, but with 10 times weaker than on the PCNA substrate.
Also, the characteristic Raman peaks of β-lactoglobulin molecules on the metal substrate do not agree with those of the ground truth obtained from the silicon substrate ( Fig. 3a ). Finally, to assess the spot-to-spot consistency of the PCNA substrate in Raman signal intensity, we conducted SERS mapping of β-lactoglobulin on the PCNA substrate at two characteristic Raman peaks of the molecule (999 cm -1 and 1447 cm -1 ) on both large and small scales ( Fig. 3b ). As shown in Fig. 3c , the PCNA substrate has a coefficient of variation (CV) of less than 7.8% on average, which is much smaller than that of the conventional metal substrate ( Supplementary Fig. 10 ). These results firmly demonstrated that the PCNA substrate would be an excellent platform for reliable trace detection of proteins which are typically vulnerable to heat (i.e., prone to denaturation) and are difficult to probe on metal substrates.
Finally, to demonstrate the sample-to-sample consistency of the PCNA substrate in enhancement factor, we conducted SERS of glucose (a well-known biomarker for detecting diabetes 29 , which has been a challenging molecule for undistorted SERS detection. Fig. 3d shows the Raman spectra of a deionized water solution of glucose molecules on silicon and PCNA substrates under light excitation at 785 nm, with the former used as a ground truth (Supplementary Fig. 8 and Supplementary Table 2 ). On the PCNA substrate, all the characteristic Raman peaks of glucose molecules were clearly identified and distinguished even at a low Mf of 0.1%, corresponding to a concentration of 5.6 mM (which agrees with the typical glucose concentration of 3-7 mM in the blood of healthy people as opposed to 10-20 mM in the blood of diabetes patients 30 . Similar to that of βlactoglobulin, we used the Mf ratio of glucose to calculate the SERS enhancement ( Supplementary Table 3 ), based on which the comparison of the Raman spectra on the silicon and PCNA substrates yields an enhancement factor of (300 s / 1 s) × (100% / 0.1%) × (1600 / 500) = ~10 6 , which is consistent with the enhancement factor of the β-lactoglobulin measurements above. Importantly, even with this high signal enhancement, the locations of the measured characteristic Raman peaks of glucose molecules agree well with those of the ground truth (while each Raman peak has a different chemical enhancement), which is attributed to the high biocompatibility and photothermal stability of the PCNA substrate. Furthermore, to show the time-to-time consistency of the PCNA substrate, we performed SERS measurements of glucose under the same conditions every hour. As shown in Fig. 3e , the Raman spectrum of glucose molecules is temporally stable with negligible denaturation, further demonstrating the high reliability of the PCNA substrate ( Supplementary Fig. 11 ).
The SERS signal enhancement of the PCNA is mainly attributed to the chemical mechanism (CM) for the following reasons. First, carbon provides a high charge-transfer efficiency 14 , which greatly increases its Ramanscattering cross-section. An energy level diagram that illustrates the charge transfer of the PCNA-molecule system is depicted in Fig. 4a . The energy of the excitation light (at a wavelength of 785 nm, corresponding to 1.58 eV) in the above experiments is far from the molecular resonance energy, that is, the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Therefore, the molecular resonance cannot be directly used to enhance the Raman signal. However, as shown in Fig. 4a , the HOMO and LUMO are bridged by the assistance of the energy bands of the PCNA substrate, enabling two possible resonant charge-transfer pathways. One is from the conduction band of the PCNA to the LUMO of the molecules while the other is from the HOMO to the conduction band, which significantly enhances the Raman signal. Therefore, the SERS enhancement factors of both the PCNA and CNA substrates are much higher than that of the PNA as evidenced by Fig. 2a . Second, H, N, and S atoms in the hydroxyl group that are not completely removed after the carbonization (Fig. 1d ) further promote the charge transfer between the substrate and molecules 14 , contributing to the SERS enhancement. Finally, the reason for the higher enhancement factor of the PCNA substrate than the CNA substrate ( Fig. 2a ) is that its porous morphology leads to the higher electric field magnitude as shown in Fig. 4b . However, this electric field increase is too low to account for the extraordinarily high enhancement factor of the PCNA substrate, thereby excluding the electromagnetic mechanism (EM) as the dominant enhancement factor.
To verify this theory experimentally, we performed the following experiments. First, we measured the absorption spectrum of the PCNA substrate with β-lactoglobulin on it as shown in Fig. 4c . The broadband absorption spectrum covers both the excitation wavelength (785 nm) and Stokes Raman wavelengths, indicating an electronic band essential for the efficient charge-transfer resonance. The broad bandwidth of the absorption spectrum also excludes the EM which normally possesses a narrow bandwidth due to its structural resonance.
Second, we measured the Raman spectrum of the same molecule up to the high Raman shift region (up to 3200 cm -1 ) which covers overtones and combination bands of the molecule as shown in Fig. 4d . No peaks of overtones and combination bands were observed in the region. As overtones and combination bands are nonlinear optical effects whose magnitudes are determined by the electric field magnitude and normally evident in EM-based SERS, the absence of their peaks in this region excludes the EM, further verifying the CM as the dominant effect of the Raman enhancement. Third, we measured the Raman spectrum of β-lactoglobulin at different excitation wavelengths (785 nm and 532 nm). As shown in Fig. 4e , enhancement factors of ~10 6 and ~10 5 at an excitation wavelength of 785 nm and 532 nm, respectively, were observed, verifying the broadband CM enhancement of the PCNA substrate.
Data availabililty
All data supporting the findings of this study are included in the article and its Supplementary Information, and are also available from the authors upon reasonable request.
Code availabililty
All codes used for analysis of this study are available from the authors upon reasonable request. 
Growth of the PCNA
A conductive layer was obtained by sputtering a 1-μm-thick Au layer on one side of the AAO template before the electropolymerization process. A home-made three-electrode test system, which is composed of an AAO template as the working electrode, a silver/silver chloride electrode as the reference electrode, and a platinum (Pt) foil as the counter electrode, was used to deposit the PNA into the AAO template. During the deposition process, we used a cyclic voltammetry (CV) method at a scan rate of 500 mV/s in a chromatographically pure acetonitrile solution containing 0.1 M LiClO4 and 0.1 M pyrrole. The electrochemical deposition was performed in a home-made electrochemical cell at room temperature. The electric potential range of the CV method was controlled within 0-1.0 V. After the electrodeposition process, the sample was eluted in deionized water several times. Then, the PNA was treated by the electro-degradation process by using a 100 °C dimethyl sulfoxide (DMSO) solution with suspended sulfur clusters. Nanopores in the PNA were formed by using the CV method at a scan rate of 200 mV/s. Finally, the PPNA was annealed at a temperature of 800 °C for 2 h under an argon atmosphere at a heating rate of 10 °C/min to obtain a PCNA substrate.
Fabrication of the PCNA substrate
The Au layer on the bottom side of the AAO template was first removed by using a mechanical polishing method.
Then, the sample was immersed in aqua regia to remove the remaining Au before transferring the PCNA to a bare Si wafer. After that, the AAO template on the Si wafer was removed by using an aqueous NaOH solution with a concentration of 6 M. Since the bottom of the PCNA became interconnected by PPy during the electropolymerization process, the PCNA remained intact after the removal of the Au and AAO template. After being washed in deionized water, the PCNA substrate on the Si wafer was finally obtained. Several PCNA substrates were prepared by using the same recipe. All the PCNA substrates were kept in a sealed and dry environment before characterizations and SERS measurements. Supplementary Fig. 3 shows a black PCNA substrate placed on a white poly tetrafluoroethylene (PTFE) plate.
Methods for characterizing PPNA and PCNA substrates
The morphology and structure of samples (substrates) were characterized by using an SEM (JEOL JSM-7600F) at an accelerating voltage of 5 kV. An energy dispersive X-ray (EDX) detector equipped with the SEM was used to characterize the surface morphology and element composition of the sample at an accelerating voltage of 15 kV. The current-voltage (I-V) characteristics of the PPNA and PCNA substrates were recorded with a Keithley 4200 at room temperature in the air, as shown in Supplementary Fig. 6 . The specific surface areas (SSAs) were measured by using a nitrogen adsorption-desorption isotherm method at a temperature of 77 K (NOVA 2200e).
The Raman spectra of the PPNA and PCNA substrates were obtained by using a RM 2000 microscopic confocal Raman spectrometer (Renishaw PLC, England) excited by a 514-nm-wavelength continuous-wave laser.
SEM imaging of PNA, CNA, and PCNA substrates
SEM images of the PNA, CNA, and PCNA substrates, taken from a JSM-7600F FESEM microscope, were compared in Supplementary Fig. 4a and Supplementary Fig. 4b . These figures clearly show that the electrolysis and carbonization processes had little influence on the surface flatness of the nanowires, respectively. Moreover, the PCNA maintained the original one-dimensional morphology and possess an average diameter of 140 nm after the carbonization process, as shown in Supplementary Fig. 4c .
Thermogravimetric analysis of the PNA
Thermogravimetric analysis (TGA) of the PNA was conducted by using a thermobalance (TGA 2050). In the analysis, the PNA was placed in an Argon atmosphere where the temperature was increased from 20 °C to 800 °C at a rate of 10 °C/min. We found that the PNA began to lose its composition ratio quickly and became carbonized at a temperature of 500 °C, as shown in Supplementary Fig. 2 . Therefore, in order to carbonize the PNA sufficiently, we chose 800 °C.
Nitrogen adsorption-desorption isotherm measurements of the PNA and PCNA substrates
The SSAs were determined by conducting nitrogen adsorption-desorption isotherm measurements at a temperature of 77 K (NOVA 2200e). As shown in Supplementary Fig. 5a , the hysteresis loop of the PCNA substrate is larger than that of the PNA at low pressure, indicating an increased number of pores. The Brunauer-Emmett-Teller (BET) SSAs of the PCNA was calculated to be 547.13 m 2 /g, which is higher than that of the PNA (363.63 m 2 /g), due to the presence of more nanoholes in the PCNA. Moreover, a large number of pores on the nanowires further increased the surface roughness of the PCNA substrate, as shown in Supplementary Fig. 5b , which contributed to higher enhancement in SERS.
X-ray diffraction measurements of the PCNA
X-ray diffraction (XRD) analysis was performed on the PCNA with a D8 Advance X-ray diffractometer with CuKα radiation (λ = 1.5418 Å) in the range of 5-80° (2θ) with a scanning step of 0.05° at a temperature of 25 °C. Supplementary Fig. 7 , the PCNA has two diffraction peaks at 26° and 44°, which correspond to the characteristic peaks of graphite, specifically the (002) and (100) crystal planes of the graphite structure 1 . The results showed that the PPNA was successfully carbonized at a temperature of 800 °C to produce partially graphitized carbon.
As shown in

Raman spectroscopy of DMSO on the silicon and PCNA substrates
To demonstrate trace-amount detection of molecules on the PCNA substrate, we conducted SERS of DMSO, a well-known polar aprotic solvent that dissolves both polar and nonpolar compounds and is miscible in a wide range of organic solvents as well as water. Supplementary Fig. 9 shows that the Raman spectra of DMSO solutions on the silicon and PCNA substrates under light excitation at 785 nm. The Raman spectrum of the DMSO solution with a mass fraction of 100% on the silicon substrate was first measured as a ground truth. On the PCNA substrate, all the characteristic Raman peaks of the DMSO solution were identified and distinguished even at a mass fraction of 5.5×10 -8 %, corresponding to an enhancement factor of ~10 7 . At a further reduced mass fraction of 5.5×10 -9 %, no characteristic Raman peaks of the molecules were visible. More importantly, even with such a high signal enhancement, all the measured characteristic Raman peaks of the DMSO solutions agree well with those of the ground truth. No distortion or undesirable shift of the Raman peaks was identified in the measured SERS spectra at the different mass fractions, which is attributed to the excellent sensitivity, biocompatibility, and photothermal stability of the PCNA substrate.
Raman peak assignments of R6G, β-lactoglobulin, glucose, and DMSO
Our Raman peak assignments of R6G, β-lactoglobulin, and glucose are shown in Supplementary Fig. 8a through Supplementary Fig. 8d. For R6G, Supplementary Fig. 8a shows its Raman spectrum on the PCNA substrate after a 30-s incubation in a 10-µM R6G solution. A detailed assignment of the R6G spectral features has been reported previous 2 , which is highly consistent with our results. In the spectral region between 1000 and 1700 cm -1 , a strong band is evident due to the stretching mode of the carbon skeleton. The stretching modes of the carbon skeleton give rise to the strongest R-R band. Moreover, the C-C stretching modes of R6G result in strong bands at 1185, 1309, 1361, 1507, 1575 and 1650 cm -1 in the spectrum. For β-lactoglobulin, its Raman spectra in the spectral range of 900-1600 cm -1 with a mass fraction of 0.4% on the silicon and PCNA substrates are shown in Supplementary Fig. 8b . The Raman peak at 1001 cm -1 is due to the C-C ring stretching vibrations of phenylalanine (Phe), which is usually separated from other bands and its intensity is not affected by protein conformational changes. The Raman peak at 1245 cm -1 is the amide III mode region, which is mainly produced by C-N stretching and N-H in-plane bending vibrations of peptide bonds. The bending and wagging modes of C-H of β-lactoglobulin appear at 1376 and 1454 cm -1 . The Raman peak at 1547 cm -1 can be assigned to the changes in disulfide conformation as well as in microenvironment around amino acid residues 3, 4 . For glucose, its Raman spectra in the spectral range of 800-1600 cm -1 with a mass fraction of 0.1% on the silicon and PCNA substrates are shown in Supplementary Fig. 8c . The Raman peak at 836 cm -1 can be assigned to the stretching mode of C-C. The Raman peak at 924 cm -1 can be assigned to the bending mode of C-H. The Raman peak at 1028 cm -1 can be assigned to the stretching mode of C-O. The Raman peak at 1255 cm -1 can be assigned to the twisting mode of CH2, while the Raman peaks at 1350 cm -1 can be assigned to the wagging mode of CH2. The Raman peak at 1403 and 1480 cm -1 can be assigned to the bending mode of CH2 5 . For DMSO, the Raman spectra in the spectral range of 500-1500 cm -1 with a mass fraction of 5.5×10 -8 % on the silicon and PCNA substrates are shown in Supplementary Fig. 8d . The C-S stretching mode results in the Raman peaks at 681 and 718 cm -1 , while the bending mode of C-H appears at 949 cm -1 . The Raman peaks at 1010 cm -1 can be assigned to the stretching mode of S=O. The Raman peak at 1311 cm -1 can be assigned to the C-H symmetric deformation.
Moreover, we attribute the Raman peak at 1419 cm -1 to the CH3 degenerate deformation 6-8 . The peak assignments of observed Raman shifts of R6G, β-lactoglobulin, glucose, and DMSO are summarized in Supplementary Table   2 .
Calculation of the Raman peak intensities of R6G
A baseline correction method was chosen to minimize the effect of fluorescence on the Raman spectrum. In addition, we used a 785-nm-wavelength laser as an excitation light to minimize the fluorescence of R6G. We measured the relative height of the peak intensity to the baseline. The differences in the relative intensities of the Raman peaks at 1185, 1309, 1361, 1507, and 1650 cm -1 between all the substrates are with a standard deviation (SD) as follows:
where is the relative intensity of each Raman peak, ̅ is the average peak intensity of 20 samples at a certain Raman shift. After calculations, we found that the SD of the peak intensity at 1361 cm -1 (SD1361) is 5.647, SD1185 is 5.537, SD1309 is 5.593, SD1507 is 5.540, SD1650 is 5.559, respectively. The SD of all the peak intensities is 5.686.
Reproducibility testing of the metal substrate in space
To quantitatively compare the metal and PCNA substrates in terms of reproducibility in space, we performed a similar spot-to-spot consistency assessment of a commercial metal substrate. Specifically, we conducted SERS mapping of the metal substrate at two characteristic Raman peaks of β-lactoglobulin (955 cm -1 and 1409 cm -1 )
on both large and small scales, as shown in Supplementary Fig. 10a . The figure shows that there is a significant level of surface inhomogeneity in the enhancement factor, including the existence of position-dependent hot spots. As shown in Supplementary Fig. 10b , the Raman signal intensities measured on the metal substrate has a CV value of more than 25.3% on average, which is much larger than that of the PCNA substrate.
Reproducibility testing of the metal substrate in time
To quantitatively compare the metal and PCNA substrates in terms of reproducibility in time, we performed a time-to-time consistency assessment of the commercial metal substrate. The experimental conditions for this control experiment are identical to those for the PCNA substrate. As shown in Supplementary Fig. 11 , several weak Raman peaks of glucose on the commercial metal substrate appeared at t = 0 h. However, no Raman peaks of the glucose molecules on the commercial metal substrate appeared at t = 1 h, 2 h, and 3 h. The results indicate that the metal substrate has a poor time-to-time consistency for SERS measurements.
Estimation of the numbers of molecules of the measured samples in the probed volume
Below we estimate the number of molecules of the measured samples in the probed volume and summarize them in Supplementary Table 3 . In our SERS experiments, we used a 50x objective lens with a numerical aperture (NA) of 0.42 to focus the 785-nm incident light onto the samples. Assuming the Airy disc, the probed volume can be approximately calculated by (0.61 / ) 3 , where is the wavelength of the incident light. From our experimental values, the probed volume is found to be 1.5 μm 3 .
In the SERS measurement of β-lactoglobulin, we used both β-lactoglobulin powder and solution as the samples. The density of the β-lactoglobulin powder is 1.25 g/cm 3 while its molar mass is ~18,400 g/mol 9 . Thus, its molar concentration is found to be (1.25 g/cm 3 Similarly, in the SERS measurement of glucose, the density and molar mass of the glucose powder are given by 1.56 g/cm 3 and 180 g/mol, respectively. Thus, its molar concentration is found to be 8.7 M. The total number of molecules of the glucose powder in the probed volume is found to be 8.7 M × 1.5 μm 3 = 1.3×10 -14 mol. As the density of the glucose solution with a Mf of 0.1% is between 1 g/cm 3 and 1.56 g/cm 3 , which is approximately identical to that of the glucose powder, the ratio of the number of molecules of the glucose solution to that of glucose powder in the probed volume is approximately equal to their Mf ratio. The total number of molecules of the glucose solution in the probed volume is found to be 1.3×10 -14 × 0.1% / 100% = 1.3×10 -17 mol. Therefore, the Mf ratio that approximately equals the ratio of the numbers of molecules under enhanced and unenhanced conditions is used to calculate the SERS enhancement factor of glucose.
Finally, in the SERS measurement of DMSO, the density and molar mass of pure DMSO are 1.1 g/cm 3 
Comparison with different types of SERS substrates
We compare different types of SERS substrates, namely, Au, Ag, MoS2, AlxO3, and graphene in terms of photothermal heat generation, reproducibility, biocompatibility, and enhancement factor, as shown in Supplementary Table 1 . For the traditional metal substrates (Au and Ag), they provide high enhancement factors that depend on hot spots, but suffer from large photothermal heat generation, seriously limiting their reproducibility. For the semiconductor nanostructures (MoS2 and AlxO3), their enhancement factors are on the order of 10 4 -10 5 . Due to the inherent photocatalytic activity and the toxicity of the substrate materials to biomolecules, the semiconductor nanostructures suffer from poor biocompatibility. On the other hand, as a carbon allotrope, graphene exhibits excellent biocompatibility. Moreover, due to the fluorescence-quenching effect of graphene, it has been used in conjunction with other metal nanostructures for SERS measurements, which is known as graphene-enhanced Raman scattering (GERS). However, the enhancement factor of GERS is normally moderate (~10 3 ) compared with the pure metal substrates. Among the previous substrates, the PCNA exhibits a high enhancement factor (~10 6 ) with low heat generation, high reproducibility, and high biocompatibility. CH3 deformation 
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